This paper sets out the needs for and recent advances in microscopy in Al alloys, using solutesolute and solute-vacancy clustering as examples. Cluster-assisted nucleation and cluster strengthening are discussed and this is followed by a discussion of the local electrode atom probe. Heuristic and algorithmic tools for assessing the nanoscale microstructure or nanostructure of Al alloys acquired from atom probe tomography experiments are then presented.
Introduction
Design in Al alloys is becoming increasingly sophisticated and highly engineered products are being developed [1] . Of increasing importance in the overall design equation are nanoscale phenomena such as solute clustering, solute partitioning and segregation, nanoscale compositional gradients as well as highly controlled nucleation and growth of nanoscale precipitates. Alloy design is increasingly geared to control these processes and phenomena because they are highly sensitive to alloy composition and thermomechanical processing variables. This technological situation is driving the need to transform qualitative microscopy observations of these nanoscale processes and phenomena into quantitative parameters that can be applied to functional relationships that describe the behaviour of the alloys. The emerging nanoscience of these and other alloys is linked to the development of new approaches to their nanostructural analysis and perhaps the most significant amongst recent advances in this area are developments in aberration corrected transmission electron microscopy (TEM) [2] and atom probe tomography (APT), where the local electrode atom probe [3] has opened new opportunities for nanostructural analysis. In this paper, recent developments in atom probe tomography will be discussed with an emphasis on how this technique is providing access to new, quantitative descriptions of nanostructure of Al alloys.
Nanoscale Microstructure or Nanostructure of Al Alloys
Before describing what atom probe tomography is, summarizing how it works and communicating what this powerful microscopy technique can do, it is important to ask: why? Therefore, the following discussion is a summary of the emerging significance of nanoscale microstructure on design in and technology of Al alloys. Increasingly, there is recognition that a full characterization of alloy microstructure involves not only the conventional parameters such as grain size, texture, inclusions, the more nanoscale microstructural elements such as defect structures, the structure and chemistry of fine scale precipitation, but also of the atomistic level structures such as solute-solute distributions, including vacancies and atomic co-clustering. These latter characteristics are the principle focus of this paper. Two case studies are presented where this nanoscale microstructure or nanostructure plays the crucial role in the achievement of appropriate technological outcomes in Al alloys.
Cluster-Assisted Nucleation in Age Hardened Alloys
The process of age or precipitation hardening was reviewed recently with due historical perspective in a paper by Polmear [1] . Design of the final precipitate microstructure (i.e.) precipitate dispersion, type, crystallography and chemical composition requires careful control of microalloying and thermomechanical processing so as to exert control over nucleation. Recent field ion microscopy and APT has revealed fine-scale clusters prior to precipitation and very early in the ageing sequence [e.g. [4] [5] [6] . These types of experiments have further potential to provide insights into how microalloying and thermomechanical processing work in controlling nucleation. Table 1 is a brief summary and it is noteworthy that the researchers listed and others have generally been compelled to use careful microscopy experiments in order to cope with the nanoscale processes associated with precipitation in these systems [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . For brevity, some references from Table 1 are detailed in [5] . The essence of the ideas behind cluster-assisted nucleation [5] are that solute atom and vacancy clusters provide the appropriate strain and/or chemical environment to reduce the barrier to nucleation for particular precipitate phases. Here, we consider that the clusters form because of preferred solute-solute and solute-vacancy interaction energies and so they arise from energetically downhill processes. As such, they are reversible and fluctuational entities, as opposed to static defects, which are usually required in treatments of heterogeneous nucleation [19] . Thus, cluster-assisted nucleation is unlike conventional heterogeneous nucleation, which cause localised increases in the free energy of a solid solution. This is because it involves processes that originate from an initial decrease in free energy. On this basis, potential pathways to nucleation in this situation have recently been summarized [20] . Figure 1 provides a case study of cluster-assisted nucleation. The bright field (BF) TEM image was recorded from a Al-1.7Cu-0.3Mg-0.25Si-0.1Ag (at. %) alloy near the <110> zone axis and reveals (i) a fine and uniform dispersion of platelets along {111} planes that are distinct because of their high aspect ratio, (ii) X' plate-like precipitates that also occur along the {111} planes but which possess a much lower aspect ratio, (iii) lath-shaped S phase precipitates along <100> and (iv) GPB zones elongated along <100> . The image reveals a very high density of precipitation and is an interesting example of the use of microalloying to trigger parallel clustering processes so as to stimulate multiple cluster-assisted heterogeneous nucleation events. Details are provided in [21] and are partly summarized in Table 1 . At the outset of the ageing process, Mg-Ag atomic co-clusters form [22] [23] : these are effective at nucleating the phase and eventually these elements are distributed across the / habit plane. The action of the Mg-Ag co-clusters in nucleating is discussed in [22] . We consider this as extrinsic cluster-assisted nucleation, because the solute species of the initial co-cluster are not strictly constituents of the crystal chemistry of (Al 2 Cu). The Mg-Ag co-clusters are also effective in nucleating the X' phase. In this case of intrinsic cluster-assisted nucleation, once the Mg-Ag co-clusters have effectively seeded the nucleation of X', the Mg and Ag atoms become part of the resultant precipitate, which atom probe has revealed is Al 2 CuMg(Ag) [see e.g. [4] [5] [6] . This situation occurs when at least one of the species from the initial clustering reaction forms part of the final precipitate composition. The precipitation of GPB zones is considered another example of intrinsic clusterassisted nucleation, since the formation of Cu-Mg coclusters precede the precipitation of these Cu-Mg rich zones. The S phase in Fig. 1 was nucleated on quenched-in defects: this phase is known to also exhibit orientations rotated from that in Table 1 [24] and these have been detailed by Kovarik et al. [25] . 
Cluster Strengthening
Some alloy systems exhibit a very rapid hardening phenomenon, whereby the mechanical strength and hardness of the alloy increases dramatically following a few seconds of ageing. These include certain types of maraging steels (e.g.) [26] , Al-Cu-Mg alloys [27] and Al-Zn-Mg-Cu [28] alloys.
Although these are often referred to as precipitation hardened systems, they do not easily fit with this description either because there seem to be no discrete second phase precipitates whatsoever [29] or because the number density and type of precipitation that is sometimes observed during rapid hardening cannot account for the observed strengthening increment [30] . An example of this latter case is provided in Fig. 2 , where <110> BF TEM images from an Al-2Zn-1.7Mg-0.7Cu (at. %) alloy aged at 150 °C immediately after solution treatment for 1 h at 460 °C and quenching. The images compare the microstructures after ageing for (a) 60 sec and (b) 2 h. The inset reveals that the Vickers hardness of the alloy in these conditions is effectively unchanged at ~ 105 VHN notwithstanding the significant difference in precipitate dispersion. Indeed, this experimental result is counter-intuitive and suggests that there may be something else in nanostructure of the alloy that could explain the hardness increment, given the as-quenched hardness of ~ 55 VHN. Our calculations using a reformulation of the Ashby-Orowan equation, based on TEM stereological measurements of the alloy microstructures indicate the precipitate number density is insufficient to reconcile the hardening observed after 60 sec ageing [30, 31] . Figure 2 (c) is an atom map for the Zn species imaged using atom probe tomography from this alloy after ageing for 60 sec at 150 °C. As will be discussed below, these phenomena are driving the development of new approaches to the analysis of APT data and we are developing data mining techniques to investigate atomic clustering. Figure 2(c) is the result of the application of the mathematical technique of densitybased scanning [32] , which has been applied to clustering problems in astronomy, biology and social sciences. We have developed an algorithm that implements this approach on APT data and this is discussed further, below. Figure 2(c) is the result and it is clear that there are numerous atom clusters (boxed) that are below the resolution of the TEM: indeed an number density of order 10 23 m -3 was measured, suggesting that there is significant scope for cluster hardening. Nevertheless, it is recognized that the proposal for hardening in these systems by atomic co-clusters [e.g. 29] remains contentious (see e.g. [33] ) and this is understandable given that we are probing into the earliest stages of ageing and working near the resolution and detection limits of various techniques.
The initial proposal for cluster strengthening [29] was based on an atom probe and electron microscopy investigation of Al-1.1Cu-1.7Mg (at. %) alloy. Since then, the proposal has been extended to apply to Al-Zn-Mg-Cu alloys [30, 31] and maraging steels [34] . Rapid solute coclustering also occurs in various Al-Mg-Si-(Cu) alloys [e.g. 15-18] and these clusters not only govern the nucleation of precipitates in these systems, but have also been proposed to play a role in the hardening [5] . Lloyd [35] has recently discussed hardening in these systems and includes terms for cluster hardening in strengthening models.
It is proposed that cluster strengthening arises from the extra energy required for dislocations to cut a diffuse antiphase boundary formed by the pairing (or higher order combinations) of the clustered solute species. We think of these clusters as metallic molecules that exist within the solid solution and include vacancies, though they are not a discrete phase. We do not consider that atomic clusters would exhibit a continuous free energy versus composition function, nor a solvus temperature, in the same way that bulk or second phase particles do. There is also evidence that cluster hardening is particularly potent from the viewpoint of producing high toughness. This is because the presence of these pre-precipitate solute co-clusters presents a network of elastically soft and relatively diffuse antiphase boundaries as obstacles for the movement of dislocations. Therefore, we would not expect dislocation pile-ups for the same reasons that we do not expect pile-ups when dislocations cut elastically soft precipitates. Indeed, reasonable levels of ductility are observed in cluster strengthened systems [27, 35] . Moreover, it is proposed that cluster strengthening is distinctly different to conventional solid-solution strengthening. When these systems are in the as-quenched state, the atomistic configuration of the solid solution possesses a base strength level. Following brief ageing, the atomistic configuration of the solid solution changes in a subtle but highly significant manner, with a concomitant large increment in strengthening.
In summary, pre-precipitate atomic clustering can govern the transformation pathways towards nucleation of precipitates. Moreover, there is an accumulation of evidence that pre-precipitate atomic clustering can change mechanical properties and further simulations, calculations and experiments are needed to better understand this intriguing phenomenon. The challenge to control these atomic clustering processes in order to better design microstructure and alloy properties brings formidable new challenges in microscopy and nanostructural analysis. We now seek to understand the very earliest stages of ageing so as to reveal the first steps of the decomposition process as well as to investigate the detailed nature of the supersaturated solid solution that we quench-in.
Atom Probe Tomography
The scientific and technological issues discussed above, as well as many others act to drive further advances in our capacity for microscopy and nanostructural analysis in Al alloys. The technique of APT is highly significant in this regard and involves the application of a high energy pulse from either a laser or solid state voltage pulse unit, V P , to a sharp needle-shaped specimen under a standing positive voltage, V DC . This can raise the total local field on the sample (V=V P +V DC ) so as to render some of the surface atoms as ions, through the quantum mechanical process of electron tunnelling. This field-induced ionization of the surface atoms results in their "evaporation" from the specimen along trajectories close to normal to the tangent to the sample surface, Fig. 3 . These ions eventually strike a single-ion detector and this stop signal is compared to the start of the initial pulse to generate an ion flight-time. The mass-to-charge (m/n) ratio of the ion is determined by equating the potential energy of the ion just prior to field evaporation to the kinetic energy just after, such that:
where n is the number of electrons removed in the field ionization, e is the elementary charge, V is the total electric field on the specimen, m and v are the mass and velocity of the ion, respectively, d is the flight distance from the specimen to the detector and K is a constant. The identity of the ion is then correlated spatially to the hit-position (x, y) on the detector and the depth z within the sample. The current state-of-the art of atom probe developed by Kelly (see e.g. [3] ) employs a local electrode ahead of the specimen to mediate extraction of ions, Fig. 3 . For a specimen positioned close to a local electrode aperture of ~ 20-30 µm in diameter, the field at the specimen apex is very high even at relatively low voltages.
It is viable to build suitable pulsers (2 ns FWHM pulse with amplitudes of up to 2000 V) that can operate at pulse repetition rates up to 200 kHz. This rate is 2 orders of magnitude faster than previous instruments. In addition, the ions that are field evaporated from the specimen reach the local electrode in a significantly shorter time (tens of picoseconds) and thereafter are shielded from time-varying fields as the pulse decays. This eliminates the major source of the energy deficits. Therefore, the local electrode atom probe can achieve high mass resolution (better than m/m of 1/500) over a 1.5 steradian field of view. This mass resolution is sufficient to separate the individual isotopes of all elements. This wide field of view permits up to ~10 8 atoms to be collected routinely from a specimen (one million ions per minute).
A crossed delay line detector and high speed digital timing system that provides 600 x 600 pixels at rates up to 25,000 ions per second was developed by Imago [2] . The capacity to run atom probe experiments that probe large volumes and analyse many millions of atoms is highly significant when trying to understand nanostructural phenomena such as that already discussed, where statistical rigour requires access to large data sets. At the time of writing, the larger data acquisitions made in author's laboratory involve runs of 100 million atoms, which provides a remarkable insight at the atomic level over ~ 0.3 x ~0.1 x ~0.1 µm. Figure 3(b) is an example of 3D atom probe tomographic data recorded from an Al-1.1Cu-1.7Mg (at. %) alloy aged 500 h at 150 °C after solution treatment and quenching: previous work [29] had established this as the peak hardness condition. Within this analysis volume is are cylindrically shaped GPB zones aligned perpendicular
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to the {001} planes. The digital form of the data allows the generation of concentration profiles in any direction and the results of analysis of the chemical composition of a number of GPB zones indicate a composition ~ 7.2 at. % Mg and 3.3 at. % Cu, averaged from 8 GPB zones. In this way, researchers can view a tomographic reconstruction of materials, since 3D images of the internal structure are generated by the reconstruction along z of thousands of 2D x-y slices. This approach to nanostructural analysis has taken microscopy and materials characterisation into a new era and will continue to open new directions for materials research and development (see also [36] ).
Investigating Alloy Nanostructure
The large multi-gigabyte data sets acquired in state-of-the art APT require sophisticated and efficient software platforms for imaging and analysis, since it is essential to be able to manipulate and analyse (e.g.) 100M atom data sets. The real space nature of the data presents rendering and visualization challenges and the tomographic analyses scripts must be highly efficient. One area of focus in this paper is the analysis of nanostructure. Figure 4 is a series of atom maps from an Al-1.1Cu-0.5Mg (at. %) alloy aged 1 h at 150 °C immediately after solution treatment for 1 h at 525 °C and quenching. It is impossible to assess any of the potential solute-solute interactions without the development of data mining techniques. Are these solutes randomly arranged? Is there a prevalence of Cu-Cu & Mg-Mg clustering or is co-clustering prevalent? We have developed algorithms that provide heuristic overviews of the APT data. One important heuristic is shown in Fig. 4(b) and reveals the cumulative fraction of solute Mg atoms in our experimental APT data set that are located within the lineal distance d max of another solute Mg atom. The plot also compares this to the expected cumulative fraction of solute Mg atoms located within this distance of another solute Mg atom as calculated for the case where these solute atoms are in a statistically random distribution. Predictably, the plot reveals that very few Mg atoms are located within (e.g.) 0.1 nm of each other. On the other hand, most of the Mg atoms of the entire data set are within (e.g.) 3 nm of another Mg atom. Significantly, the curve for the observed distribution of Mg atoms is clearly above that of the The observed curve is compared to the case for a random dispersion of solutes and it is seen that there are many more instances of Mg-Mg clustering than could be expected in a random dispersion of Mg atoms, particularly in the cluster size range 5 Mg atoms. Marceau et al. [37] have described the significance of these clustering events in a separate paper. We have implemented and in some cases developed novel adaptations of clustering algorithms for this purpose and some of these are summarized in Fig. 5 . Friends-of-Friends (FoF) is widely across many sciences and has previously been adapted for use in atom probe using the thesis that clustered solute atoms are more closely spaced than solute atoms randomly distributed within the matrix [36, 38] . Therefore, our implementation of the FoF clustering algorithm has the usual parameters: the maximum separation between each cluster atom d max , and N min , the minimum number of atoms per cluster. Chained and compact clusters are identified by this method, though some clusters are falsely identified and can be non-physical because of bridging effects and insensitivities of these parameters. We have developed an adaptation of the density-based clustering algorithm (DBScan [32] ), also widely used in science and technology. Many of the artefacts arsing in FoF are eliminated by suppressing the addition of outlying atoms to clusters. An atom and its K nearest neighbours are clustered if the distance to the K th nearest-neighbour is less than the DBScan clustering parameter d maxK . There exists a minimum constraint on cluster size and this may cause the formation of spherical nonphysical clusters, but regardless, density-based clustering is an important algorithmic alternative to the FoF artifacts. It should also be mentioned that an erosion distance may be set in each algorithmic case so as to eliminate the shell of matrix atoms that can otherwise be left attached to the cluster. The result of the DBScan (d max5 = 0.7 nm as the maximum 5 th nearest neighbour distance and N min = 8 atoms) algorithm was provided in Fig. 2(c) for Zn-Zn clustering in an Al-2Zn-1.7Mg-0.7Cu (at. %) alloy aged 60 sec at 150 °C immediately after solution treatment for 1 h at 460 °C and quenching. In addition, the distribution of cluster chemistry and cluster morphology can be determined.
Contingency table analysis is an established test for departure from randomness in materials research and across many other disciplines [39] . We often seek to make direct comparisons between two or more differently prepared samples, with a view to finding correlations between these results and the macroscopic properties exhibited by each specimen. It is known that sample size will affect contingency table analysis [39] . Usually, APT experiments will generate data sets of different size and so we have developed an algorithm for calculating the term usually referred to as the Chisquare coefficient or µ, which acts to normalise the 2 value between data sets with different numbers of blocks, N, between them [39] where:
As 2 increases, the term µ also increases so that higher values of µ indicate a more clustered nanostructure. A case study is provided in Fig. 6 , where the coefficient µ is charted as a function of the T6 ageing time at 150 °C for a series of Al-Zn-Mg-Cu alloys (see also [40] ). Importantly, in each case, we have performed the CTA and determined µ for randomized data sets. That is, we have taken the (x, y, z, m/n) spatial data directly from the atom probe and randomized the atomic labels (m/n), maintaining the same atomic positions. This preserves all reconstruction issues in the data set. It is significant that the values for µ that derive from this randomization are much lower than those from the actual atom probe data and vary little between data sets: this is compelling evidence for preferred solute-solute interactions at these very early stages of ageing, including the asquenched condition. The significance of this clustering is further explored in [40] .
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Conclusions

1.
A better understanding of solute clustering is required to advance our ability to design microstructure by control of the nucleation process through cluster assisted nucleation and to directly control properties through cluster strengthening. 2. Atom probe tomography is without peer as a tool for the investigation of solute clustering and very fine scale precipitation. The further development of data mining techniques will expand our capacity for quantitative tomography so as to measure nanostructural parameters for structureproperty functional relationships.
